Abstract. Hypoxia-inducible factor-1 (Hif-1) is a master transcription factor that plays a central role in the hypoxic expression of various genes. Vascular endothelial growth factor (VeGf), a known target gene of Hif-1α, has been shown to be induced by hypoxia through a Hif-1α-independent pathway. Hif-1α dominant-negative lentiviral vectors were introduced to decrease the expression of Hif in Hep3B cells. cells were incubated under normoxic or hypoxic conditions. We performed a VeGf enzyme-linked immunosorbent assay (eliSa) using cell culture supernatants, and Western blotting using cell lysates. to validate signaling via Hif-1-dependent or Hif-1-independent pathways, we treated cells with an extracellular signal-regulated kinase (erK) kinase inhibitor, a phosphoinositide 3-kinase (Pi3K) inhibitor, and transfected cells with siSP1. Hif-1α protein expression was induced and the levels of VeGf increased under hypoxic conditions. cells were transfected with siHif-1α and incubated under normoxic or hypoxic conditions. We found that a significant amount of VeGf was produced by a Hif-1-independent pathway. Pi3K inhibitor treatment and siSP1 transient transfection decreased VeGf expression in siHif-1α-transfected cells. therefore, VeGf regulation in Hep3B cells is primarily controlled by the akt/Pi3K and SP1 pathways and is independent of Hif-1 under hypoxic conditions. Introduction most solid tumors contain hypoxic lesions due to an imbalance in oxygen supply and consumption. under hypoxic conditions, normal cells are unable to tolerate ischemia resulting in cell death. although hypoxia is toxic to both cancer cells and normal cells, cancer cells undergo genetic and adaptive changes that allow them to survive and even proliferate in a hypoxic environment (1). clinical and experimental evidence suggests that hypoxic processes in cancer cells contribute to the malignant phenotype and to more aggressive tumor behavior (2). Hypoxia offers resistance to anticancer chemotherapy, as well as a predisposition to increased tumor metastases (3). Investigation of the molecular mechanisms specific to cancer cells under hypoxic conditions is important to provide a basis for anticancer therapy.
Introduction
most solid tumors contain hypoxic lesions due to an imbalance in oxygen supply and consumption. under hypoxic conditions, normal cells are unable to tolerate ischemia resulting in cell death. although hypoxia is toxic to both cancer cells and normal cells, cancer cells undergo genetic and adaptive changes that allow them to survive and even proliferate in a hypoxic environment (1) . clinical and experimental evidence suggests that hypoxic processes in cancer cells contribute to the malignant phenotype and to more aggressive tumor behavior (2) . Hypoxia offers resistance to anticancer chemotherapy, as well as a predisposition to increased tumor metastases (3) . Investigation of the molecular mechanisms specific to cancer cells under hypoxic conditions is important to provide a basis for anticancer therapy.
Hypoxia-inducible factor-1 (Hif-1) is a transcription factor found in mammalian cells that plays a central role in the hypoxic expression of various genes including vascular endothelial growth factor (VEGF). VEGF is one of the first isolated and the most potent angiogenic factor (4) . VeGf has an important role during developmental, physiological and pathological neovascularization (5) . VeGf is known to be one of the target genes of Hif-1α.
Hepatocellular carcinoma (Hcc) is well known as a hypervascular tumor; however, it is hypovascular in its early stage and the rapid proliferation of tumor cells continuously induces local hypoxia in its advanced stage (6) . Pharmacological inhibition of the HIF target, VEGF, has proven to be efficacious as a cancer treatment (7) . However, research into how the specific regulation of VEGF in cancer cells is different from VeGf regulation in normal cells is important for the development of anticancer drugs that specifically act on cancer cells to reduce side effects.
it has been reported that several genes are not directly regulated by Hif-1α (Hif-1 independent pathway) under hypoxic conditions (8) (9) (10) . These findings suggest the existence of Hif-1α-independent molecular pathways that promote tumor progression under hypoxic conditions. the growth of Hcc depends on stimulatory effects of assorted growth factors, which bind to tyrosine kinase receptors to activate various intracellular signaling pathways that contribute to tumor cell proliferation, tumor cell survival, migration, and metastasis under hypoxia (4) . under hypoxic conditions, the growth signaling pathways of tumor cells are activated, while in normal cells they are not. it has been reported that growth factor inhibitors, such as eGfr tyrosine kinase inhibitors, Molecular mechanism of HIF-1-independent VEGF expression in a hepatocellular carcinoma cell line decrease VeGf expression via a Hif-1-independent mechanism through SP1 (11) . therefore, we hypothesized that under hypoxic conditions growth signaling pathways induce Hif-1-independent VeGf expression in cancer cell proliferation. in the present study, we demonstrate that the molecular mechanism of the growth signaling pathway of VeGf expression in the Hep3B cell line is Hif-1 independent.
Materials and methods

Establishment of the siHIF-1α-transfected Hep3B cell line.
Short hairpin small interfering rna (sirna) specific for Hif-1α dominant-negative lentiviral vector was introduced into Hep3B cells to decrease the expression of Hif-1. to establish the lentiviral vector, a Hif expression vector for siHif-1α was manufactured using the multiSite-Gateway system (invitrogen, carlsbad, ca, uSa) according to the manufacturer's instructions. 293ft cells were transfected with the expression vector and packaging plasmid (pmdl, pVSV, prSV). after 72 h, the supernatant was collected and the Hep3B cell line was infected by the supernatant containing lentiviral particles. Transfection efficiency in Hep3B cells was measured by co-expression of green fluorescent protein (GFP).
Cell culture and exposure to hypoxia. the Hep3B cell line was maintained and cult ured in r Pm i-164 0 media supplemented with 10% heat-inactivated fetal bovine serum, 100 µg/ml streptomycin, and 100 u/ml penicillin. Hep3B cells were incubated at 37˚C in a humidified atmosphere containing 20% o 2 and 5% co 2 in air; this is referred to as the normoxic condition. for the hypoxia experiments, cells were placed in a hypoxic chamber containing 1% o 2 , 5% co 2 , and 94% n 2 , and maintained at 37˚C. In brief, 2.5x10 5 cells/well were seeded in 6-well plates 1 day before incubation under normoxic or hypoxic conditions at a 37˚C humidified atmosphere. After 24 h, the tissue culture supernatant was collected from each well.
Protein extraction and Western blot analysis. for protein isolation, cells were solubilized in 100 µl chilled lysis buffer containing complete mini Protease inhibitor tablets (roche molecular Biochemicals, mannheim, Germany), phenylmethylsulphonyl fluoride, phosphatase inhibitor, lysis buffer and distilled water. Samples were centrifuged at 12,000 x g and the supernatants were retained. the protein concentrations were determined using a Quanti-it Protein assay kit (invitrogen). each protein sample was mixed with SdS-PaGe loading buffer and boiled at 85˚C for 2 min.
for Western blotting, equal amounts of total protein were run in each lane of an SdS-PaGe gel. after completion of gel electrophoresis, proteins were transferred to nitrocellulose membrane (Protran, Whatman, dassel, Germany) for 1 h using a blotting apparatus at 4˚C. The membrane was incubated with each specific antibody at 4˚C for over 16 h followed by a secondary antibody at room temperature for 1 h. the blots were probed with anti-Hif-1α (r&d Systems, minneapolis, mn), anti-β-actin (Santa cruz Biotechnology, Santa cruz, ca), anti-phospho-p44/42 maPK (cell Signaling technology, Beverly, ma), at 1:1,000 dilutions. immunoreactive proteins were visualized using the ecl Plus Western blotting detection reagent (amersham Biosciences, uppsala, Sweden).
Reverse transcription-polymerase chain reaction (RT-PCR).
Hep3B cells were incubated under normoxic or hypoxic conditions for 24 h. total rna was isolated with trizol (invitrogen) following the instructions of the manufacturer. rt-Pcr was performed using a commercial reverse transcription system kit (Promega, madison, Wi). rna sample (1 µg) was converted into cdna using random primers and reverse transcriptase. amplification by Pcr was performed using takara taq dna polymerase (takara Biochemicals, Shiga, japan) according to the manufacturer's instructions. thermal cycling was performed for 26 cycles using the following steps: denaturing at 94˚C for 30 sec, annealing at 51˚C for 30 sec, and extension at 72˚C for 90 sec. The sequences of the PCR primer pairs were: VeGf forward, 5'-GctactGccatcca atcGaG-'3; VeGf reverse, 5'-tGcattcacatttGttGt Gc-'3; GaPdH forward, 5'-accacaGtccatGccatcac-'3; and GaPdH reverse, 5'-tccaccaccctGttGctGta-'3.
Measurement of VEGF from the tissue culture supernatant.
the VeGf levels in the tissue culture supernatant collected from cells after incubation under normoxic or hypoxic conditions for 24 h were measured using the human VeGf enzyme linked immunosorbent assay (eliSa) kit (BioSource international, ca).
Cell treatment with PI3K and ERK kinase inhibitors. cells (2.5x10
5 per well) were seeded in 6-well plates 1 day before treatment with the Pi3K inhibitor, ly294002 (cell Signaling technology) or the erK kinase inhibitor, Pd98059 (cell Signaling technology). the cells were pretreated with 50 µm inhibitor or left untreated for 1 h and then incubated under normoxic or hypoxic conditions for 24 h. cell supernatants were collected for VeGf eliSa and the proteins were extracted from the cells for analysis by Western blotting.
Transient transfection. cells (1.5x10 5 per well) were seeded in 6-well plates before transfection using the fuGene 6 transfection reagent (roche, indianapolis, in), according to the instructions of the manufacturer. Briefly, 6 µl of FuGENE 6 reagent was diluted with serum-free medium. sirna (40 mm) was added to the diluted fuGene 6 reagent, and then incubated for up to 45 min at room temperature. the complex formed was then added to each well and the cells were returned to the incubator. the medium was replaced with serumcontaining medium 8 h after transfection. after 48 h, cells were incubated under normoxic or hypoxic conditions for 24 h and the supernatant was collected for measurement of VeGf by eliSa.
Statistical analysis. data are expressed as the mean ± Sem. Statistical calculations were performed using SPSS, version 13.0 for Windows (SPSS inc. chicago, il). comparison of the mean values was performed with the unpaired t-test. Statistical significance was accepted at P<0.05.
Results
HIF-1α and VEGF expression in siHIF-1α-transfected cells
under normoxic or hypoxic conditions. to examine the effects of Hif-1 in Hep3B cells under hypoxic conditions, Hep3B cells were transfected by vector (for control) and siHif-1α using lentiviral vectors to induce stable expression. the efficiency of the transfection was identified by GFP signals. We confirmed that almost all cells were sufficiently transfected.
Western blot analysis revealed that Hif-1α was detected in the control cells, but was expressed rarely in the siHif-1α-transfected cells (fig. 1a) . the results of VeGf eliSa are shown in fig. 1B . VeGf levels decreased in the supernatants of siHif-1α-transfected cells compared to levels found in vector-transfected cells. the siHif-1 transfection led to an ~30% decrease in the level of VeGf.
The effect of the ERK kinase inhibitor, PD98059, on vector siHIF-1α-, and siHIF-2α-transfected cells under normoxic or hypoxic conditions. We further verified VEGF expression via a Hif-1-independent pathway by treating the vector siHif-1α-transfected cells with the erK kinase inhibitor, Pd98059, before incubation under normoxic or hypoxic conditions. Phospho-erK expression was decreased in the Pd98059-treated cells in each cell line as determined by Western blotting of cell lysates. the down-regulation of erK expression was clearly demonstrated in the hypoxic condition. Hif-1 expression was also decreased in the Pd98059-treated cells grown under hypoxic conditions ( fig. 2a) . VeGf expression by eliSa did not differ in the cell lines regardless of Pd98059 treatment under hypoxic conditions ( fig. 2B) .
Effect of the PI3K inhibitor, LY294002, on vector siHIF-1α-transfected cells under normoxic or hypoxic conditions.
We treated cells transfected with vector and siHif-1α with the Pi3K inhibitor, ly294002, before incubation under normoxic or hypoxic conditions. Hif-1 was clearly expressed in all cells incubated under hypoxic conditions. Hif-1 expression was not affected by treatment with ly294002 in vector siHif-1α-transfected cells (fig. 3a) .
VeGf expression as determined by eliSa was decreased in cells treated with ly294002 compared with untreated cells under hypoxic conditions. VeGf expression in siHif-1α-transfected cells treated with LY294002 decreased significantly under hypoxic conditions ( fig. 3B) .
rt-Pcr analysis of VeGf mrna, demonstrated that the VeGf mrna expression was remarkably elevated in each of the transfected cell lines (vector, siHif-1α) under hypoxic conditions as compared with cells incubated under normoxic conditions. among the cells incubated under hypoxic conditions, the expression levels of VeGf mrna were significantly reduced in the ly294002-treated cells (fig. 4) . 
The effect of siSP1 transient transfection on cells transfected with vector siHIF-1α under normoxic or hypoxic conditions. transient transfection experiments with siSP1 in stably
Discussion
angiogenesis or neovascularization is a critical step for tumor progression and metastasis. VeGf is a key mediator of tumorassociated angiogenesis (1, 4) . VeGf is known to be one of the target genes of Hif-1α. Hif-1 plays a central role in the hypoxic expression of various genes. Hif-1 is a heterodimeric basic helix-loop-helix protein that consists of α and β subunits (5). Hif-1α is rapidly degraded in normoxia (12,13), but under hypoxic conditions Hif-1α accumulates, dimerizes with the β subunit, translocates to the nucleus, and initiates gene transcription (14, 15) . it has been reported that Hif-1 induces more than 100 genes under hypoxic conditions (16) . VeGf and the VeGf receptor are up-regulated in Hcc (17, 18) , and overexpression of VeGf is inversely correlated with the prognosis and survival of Hcc patients (19, 20) . VeGf is also one of targets of the anti-cancer drugs sorafenib, sunitinib, and bevacizumab, used to treat Hcc (4). Hif-1 is a major transcriptional factor controlling VeGf expression in the malignancy (21,22). A significant positive correlation was found between Hif-1α, VeGf, metastasis, and microvessel density (23, 24) , while an inverse correlation was shown with tumor differentiation (23) . the differences in survival rates among a VeGf-positive group of patients and a VeGfnegative group were significant, whereas the differences in the survival rates among a Hif-1α-negative group and a Hif-1α-positive group were not significant (24) . a more in-depth understanding of the molecular pathogenesis of Hcc has resulted in more effective treatment of this malignancy; however, the molecular basis for the induction of VeGf expression in Hcc is largely undefined (25) . therefore, the aim of the present study was to investigate the molecular mechanism of VeGf expression, especially its regulation via a Hif-1-independent pathway, in Hcc. to increase our understanding of the function of Hif-1 and to identify a Hif-1-independent pathway that controls VeGf expression in hypoxia, loss-of-function studies were performed using an sirna approach. though VeGf expression was decreased in the siHif-1α-transfected cells under hypoxia, significant VEGF expression was still detected. We hypothesized that growth signal pathways were involved in the Hif-1-independent VeGf expression because tumor growth progresses in cancer cells under hypoxia. Pd98059 had no effect on VeGf expression while Pi3K inhibition and siSP1-transient transfection led to decreased VeGf expression. in this study, we found that the main Hif-1-independent pathway regulating VeGf expression in the Hep3B cell line is the akt/ Pi3K pathway, through SP1 ( fig. 6 ). there have been additional reports on Hif-1-independent pathways activated during hypoxia. tumor hypoxia accelerates cancer invasion by up-regulating the expression of etS-1 and matrix metalloproteinase (mmP) in Hcc cell lines (8) . furthermore, cells derived from Hif-1α knockout embryos demonstrate a significant induction of VeGf in response to hypoxia, suggesting that Hif-1α may not be the only transcriptional activator of VeGf (9, 10) . the Hif-1-independent regulation of VEGF may be cell-type specific. It has been reported that a Hif-1-independent regulatory luciferase construct of colon cancer cell lines was unresponsive to hypoxia in the HepG2 and the Panc-1 (pancreatic cancer) cell lines (26) . these results indicate that Hif-1 may be the primary mediator of the hypoxic regulation of VeGf in some cell types, but that other cell types can possess various alternative mechanisms.
the Pi3K/akt pathway is commonly activated in human cancer (27) . increased Pi3K/akt activity has been implicated in cell proliferation, adhesion, migration, invasion, and apoptosis (28) (29) (30) . there are numerous reports showing that Pi3K signaling is involved in the regulation of Hif-1α activity. Growth factors, such as eGf and Her2 (31) and androgens (32), increase Hif-1α synthesis under normoxic conditions through Pi3K/akt activation. under hypoxic and normoxic conditions, akt-activation leads to a decrease in Hif-1α protein degradation (33) . one study suggested that SP1 can augment the Hif-1-mediated hypoxic induction of the carbonic anhydrase Ⅸ gene (34) . However, others have reported that the activity of Pi3K/akt is not necessary for the activation of Hif, nor is it essential for its induction by hypoxia (35, 36) . akt contributes to translation of Hif-1α and can certainly amplify the induction of Hif-1α under hypoxia in many cell lines although it is not required for Hif-1α induction under hypoxia (27) . in one study, the loss of dna-binding activity of SP1 proteins was observed in cells incubated under hypoxic conditions (37) . in our study, the regulation of VeGf expression by the akt/ Pi3K pathway in the Hep3B cell line does not seem to involve the Hif-1 pathway. SP1 is a key transcription factor in VeGf expression under hypoxia, serving as an alternative to Hif-1. therefore, the role of the Pi3K pathway in VeGf regulation appears to be cell-type specific, and this may be the reason why some studies have questioned its role in the hypoxic response (14, 35, 36) .
in conclusion, we have demonstrated that tumor hypoxia accelerates angiogenesis by up-regulating VeGf expression. there is evidence that Hif-1 is not essential for the hypoxic induction of VeGf in Hcc cell lines. VeGf can be induced by hypoxia through Hif-1-dependent and Hif-1-independent mechanisms. also, the akt/Pi3K activation through SP1 is a critical pathway in VeGf expression under tumor hypoxia by which HIF-1 is not mediated. It will be important to define its clinical role, such as its use as a prognostic factor or as molecular targeted therapy in a large number of tumor samples. SP1, through the Pi3K/akt pathway which is commonly involved in tumorigenesis, is another potent activator of VeGf in a Hif-1-independent manner. this suggests that tumors employ various pathways for angiogenesis under conditions of hypoxia to survive and even to proliferate. Furthermore, these findings indicate the possibility that there may be another therapeutic target in addition to Hif-1 to block angiogenic responses under hypoxia in cancer.
